The product of gene 2.5 of bacteriophage T7, a single-stranded DNA binding protein, physically interacts with the phage-encoded gene S protein (DNA polymerase) and gene 4 proteins (helicase and primase) and stimulates their activities.
Single-stranded DNA binding proteins (SSBs), such as Escherichia coli SSB and T4 gene 32 protein, are essential components of DNA metabolism in prokaryotic cells (1) (2) (3) . The gene 2.5 protein of bacteriophage T7, originally isolated based on its strong affinity for single-stranded DNA and its ability to stimulate DNA synthesis by T7 DNA polymerase (4, 5) , is thought to be analogous to these well characterized SSBs. Like E. coli SSB and T4 gene 32 protein, gene 2.5 protein has been implicated in T7 DNA replication, recombination, and repair (6) (7) (8) (9) (10) (11) . We purified gene 2.5 protein from cells overexpressing the gene and characterized its physical properties and interactions with DNA (6). Gene 2.5 protein exists as a dimer of two identical subunits of Mr 25, 562 . It binds specifically to single-stranded DNA with a stoichiometry of -7 nt bound per monomer of gene 2.5 protein and extends the length of the DNA molecules as measured by electron microscopy. The binding constant of gene 2.5 protein for single-stranded DNA is -2.5 x 106 M-1, as determined by fluorescence quenching and nitrocellulose filter binding assays (6) . Fluorescence studies suggest that tyrosine residue(s) on gene 2.5 protein interacts with single-stranded DNA, whereas tryptophan residues do not (6) .
In T7 DNA replication, the gene 2.5 protein has the potential to play one of several essential roles. At the T7 replication fork, three proteins, the products of T7 genes 4 and 5 and the host trxA gene, account for the fundamental reactions (12, 13) . Gene 5 protein is a DNA polymerase, catalyzing the polymerization of nucleotides with low processivity (14, 15) . E. coli thioredoxin, the product of the trxA gene, binds to gene S protein in a 1:1 stoichiometry and confers processivity on the polymerization reaction by increasing the affinity of the enzyme for a primer/template (14, The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 15 ). Both direct and indirect evidence support an interaction between these essential replication proteins and the T7 gene 2.5 protein.
T7 gene 2.5 protein stimulates DNA synthesis catalyzed by the T7 DNA polymerase/thioredoxin complex on singlestranded DNA templates (4, 5, 11, 14) and increases the processivity ofthe reaction (11) . It has been shown by affinity chromatography and fluorescence emission anisotropy that T7 DNA polymerase and gene 2.5 protein physically interact with a dissociation constant of 1.1 ,uM (11) . Similarly, interaction of the T7 helicase/primase with gene 2.5 protein has been inferred from the ability of gene 2.5 protein to stimulate synthesis of primers (10, 16) . The T7 helicase/primase-gene 2.5 protein interaction has also been confirmed by affinity chromatography (11) . We have recently found (unpublished data) that the C-terminal acidic domain of gene 2.5 protein is required for T7 growth in vivo and it participates in gene 2.5 dimerization and protein-protein interactions.
The role of gene 2.5 protein in recombination is not as well understood. Sadowski et al. (17) demonstrated that extracts of T7 phage-infected cells contain an activity that promotes renaturation of complementary single strands and suggested that this activity resided in the T7 SSB. Recent studies (S. Tabor and C.C.R., unpublished results) have, in fact, demonstrated that the gene 2.5 protein facilitates renaturation of homologous single-stranded DNA even more efficiently than does E. coli recA protein, E. coli SSB, or T4 gene 32 protein.
A determination of the definitive role of the T7 gene 2.5 protein in DNA replication and recombination in vivo is dependent on genetic analysis of gene 2.5 mutants. Previously, T7 phage containing mutations in gene 2.5 have been isolated based on their inability to grow on E. coli strains that have a defective SSB (8) . These T7 mutant phages contain an amber mutation in gene 2.5 that leads to synthesis of a shortened polypeptide -90% of the length of the wild-type protein (9) . These gene 2.5 mutant phages can grow on wild-type E. coli strains but not on strains expressing a temperature-sensitive SSB at the nonpermissive temperature. Furthermore, these T7 phages are defective in recombination (8 (23, 24) . Construction of Gene 2.5 Plasmids. DNA fragments were prepared and cloned by standard procedures (25) . E. coli HB101 was transformed with the designated plasmids (26) . Three different plasmids containing a wild-type gene 2.5 were constructed by a standard PCR protocol (27) . To construct the first plasmid, two primers, a 5'-end primer with an Nde I site (5'-CGTAGGATCCATATGGCTAAGAAGATTT-TCACCTC-3') and a 3'-end primer with a BamHI site (5'-CGTAGGATCCACTTAGAAGTCTCCGTC-3'), were used to amplify T7 DNA sequences 9157-9862 containing gene 2.5 coding sequence (28) . PCR-generated DNA fragments were incubated with the large fragment ofE. coli DNA polymerase I in the presence of the four nucleoside 5'-triphosphates, and the resulting fragments containing blunt ends were then ligated into the EcoRV site of plasmid pBR322 (29 (30) .
The third plasmid, pGP2.5-3, contains the T7 sequence of the C-terminal half of gene 2, the entire sequence of gene 2.5, and all of gene 2.8 (T7 sequence at nt 8961-10279). Plasmid pGP2.5-3 was constructed as follows. Using the two primers 5'-CGTAGGATTCTCGGAGCATTCC-3' and 5'-CGTAG-GATCCACTTAGAAGTCTCCGTC-3', a PCR-generated fragment was created and inserted by blunt-end ligation into plasmid pBR322 that had been linearized by BamHI digestion and followed by filing-in using the large fragment of E. coli DNA polymerase I. The resulting pGP2.5-3 clone was selected and shown to contain an insert of the correct size and orientation. All the clones generated from PCR-amplified DNA were sequenced and found to be free of mutations.
Construction of Gene 2.5 Mutants of Bacteriophage T7. Gene 2.5 mutant phages were constructed by homologous recombination (18) . To construct a gene 2.5 null mutant, we used two different plasmids as in vitro recombination substrates. The first plasmid, pGP2.5::trxA, inserts the E. coli thioredoxin gene (trxA) into the middle of gene 2.5. The second plasmid, pGP2.5T2.8, replaces gene 2.5 ofT7 with the E. coli thioredoxin gene (trxA). Plasmid pGP2.5::trxA was constructed as follows. E. coli trxA was amplified by PCR with two primers, each containing an Mlu I site within its sequence (5'-CAACACGCGTGGCTTATTCCTGTG-3' and 5'-CGAACGCGTTTAAGCCAGGTTAG-3'). PCR-amplifled DNA fragments of trxA were cloned into pGP2.5, which had been made linear by cleavage with Mlu I, generating pGP2.5::trxA. The resulting plasmid expresses a truncated gene 2.5 protein but an active thioredoxin. Plasmid pGP2T2.8 was constructed as follows. Part of gene 2, 8961-9096 in the nucleotide sequence of T7 DNA, was amplified by using two primers containing a BamHI site within both primers (5'-CGTAGGATCCTCGGAGCATTCC-3' and 5'-GAAT-TCGTCGACGGATCCCGGGCGTATTACTTCGGTGCT-3'). Similarly, gene 2.8 (nt 9854-10279) was amplified by using two primers with an EcoRI site within both primers (5'-CGACGAATTCTAAGTGGAACTGCGGG-3' and 5'-CGACGAATTCCCTTTAGCGCCGTAAC-3'). The PCRgenerated fragment of T7 gene 2 was cloned into BamHIlinearized pBR322 to generate pGP2. pGP2 was digested by EcoRI, and the PCR-generated gene 2.8 fragment was cloned into the EcoRI site of pGP2. The resulting plasmid is pGP2-2.8. Finally, the PCR-produced trxA DNA was cloned into pGP2-2.8 that had been digested with Sma I at the junction of genes 2 and 2.8. The isolation of a plasmid containing gene 2-trxA-gene 2.8 was determined by PCR with suitable primers. The resulting plasmid, pGP2T2.8, expresses a functional thioredoxin. pGP2.5::trxA and pGP2T2.8 were transformed toE. coli HMS157, generating E. coli HMS157/pGP2.5::trxA and E. coli HMS157/pGP2T2.8, respectively. E. coli HMS157/pGP2T2.8 was grown in LB medium at 37°C with vigorous shaking to A600 = 0.5 and infected [multiplicity of infection (moi) = 0.1] with wild-type T7 phage. After cell lysis, phages were harvested as described (31) . To select and amplify the recombinant (T7A2.5::trxA), HMS262 cells containing pGP2.5-1 that supplements wild-type gene 2.5 protein were grown to midexponential phase and infected with the lysate produced from wild-type T7 infection of E. coli HMS157/pGP2T2.8. After cell lysis, amplified T7A2.5::trxA was plated on E. coli HMS262/pGP2.5-1, and the presence of the trxA gene and the absence of gene 2.5 in the T7 genome were confirmed by PCR and restriction analysis of individual T7 plaques. The resulting T7 phage (T7A2.5::trxA) substitutes trxA for gene 2.5. Isolation of T72.5::trxA phage was carried out by an analogous procedure with plasmid pGP2.5::trxA instead of pGP2T2.8.
Measurements of DNA and RNA Synthesis. DNA and RNA synthesis was measured essentially as described (32) . E. coli HMS174 cells were grown with shaking at 30°C in M9 CAA medium. At 3 x 108 cells per ml, the bacteria were infected with the indicated T7 phage at moi = 7. At the indicated times, aliquots (0.2 ml) of phage-infected cells were removed and placed in tubes containing 10 ,ul of [3H]thymidine (50 ,uCi/ml; 1 Ci = 37 GBq) or [3H]uridine (50 ,uCi/ml) to measure DNA or RNA synthesis, respectively. After 90 sec of incubation at 30°C, growth was terminated by addition of 3 ml of cold 5% trichloroacetic acid. The acid-insoluble material was collected on GF/C filters (Whatman) and washed three times with 3 ml of ice-cold 1 M HCl and two times with 3 ml of 95% ethanol. The acid-insoluble radioactivity was measured in a toluene-based solvent in a liquid scintillation counter.
In Vivo Labeling of T7 DNA. E. coli HMS174 cells were grown to 3 x 108 cells per ml in M9 CAA medium and infected with various T7 phage at moi = 3-5. At the desired times after infection, aliquots (2 ml) were removed and [3H]thymidine (80 Ci/mmol) was added to the infected cells (final concentration, 40 Ci/ml). Labeling was stopped by addition of an equal volume of freshly made stop solution (75% ethanol/2% phenol/21 mM CH3COONa, pH 5/2 mM EDTA). The radioactively labeled T7 DNA was isolated as described (33) phages arose at frequencies of 10-5 and 10-2, respectively. on E. coli HMS262/pGP2.5-1 cannot grow in E. coli HMS262 trxA-and E. coli HMS157; the plating efficiencies are <10-9 and <10-8, respectively. Similar results were obtained when T7A2.5: :trxA phage was plated on other trxA mutant strains-E. coli JH21 and AN1 (data not shown). T7 phage with an insertion of the E. coli thioredoxin gene in gene 2.5 (T72.5::trxA) also cannot grow on these strains, although wild-type T7 revertants arise at a frequency of -2% (titered on E. coli HMS157) as a result of homologous recombination during propagation (Table 1) . In control experiments, both gene 2.5 mutant T7 phages grow normally on E. coli strains expressing gene 2.5 from a plasmid harboring the cloned gene ( Table 1 ). The results show that gene 2.5 is essential for growth of T7.
DNA and RNA Synthesis in T7A2.5-Infected Cells. In an attempt to define the biochemical lesions responsible for the inability of T7 gene 2.5 mutants to grow in E. coli cells, we examined DNA and RNA synthesis in E. coli cells infected with the mutant phage. The kinetics of DNA synthesis after infection of E. coli HMS174 with T7A2.5::trxA phage were compared ( Fig. 2 ) with those obtained with wild-type phage under identical conditions. In wild-type T7-infected cells the rate of DNA synthesis increased rapidly %7 min after infection and reached a maximum rate 20 min after infection, after which the cells begin to lyse. In striking contrast, there is a decrease in DNA synthesis after infection with 17A2.5::trxA, presumably due to the shut-off of host DNA synthesis. At 20 min after infection, a time when wild-type T7 DNA replication is maximal, there is no detectable DNA synthesis in the mutant-infected cells (Fig. 2) after infection with T7 wild-type phage under identical conditions (Fig. 4 ). in the T7 gene 2.5 mutant-infected cells could be overcome by complementation with gene 2.5 protein provided from a plasmid (Fig. 2) . However, the pattern of DNA synthesis in E. coli HMS174/pGP2.5-1 infected with T7A2.5: :trxA showed a pattern different from that of wild-type T7 phage infection in that the onset of DNA synthesis was delayed and reached a maximal rate at =40 min postinfection.
To examine T7 DNA synthesis specifically and in more detail, we radioactively labeled the newly synthesized DNA by pulse-labeling with [3H]thymidine after phage infection, cleaved the DNA with the restriction enzyme Xmn I, and examined the pattern of labeling of the DNA fragments by electrophoreses through an agarose gel (Fig. 3 ). E. coli HMS174 or HMS174/pGP2.5-1 cells were infected with T7 wild-type or T7A&2.5::trxA phages during logarithmic-phase growth at a moi 5 . At 10 and 15 min postinfection, all the fragments of T7A2.5::trxA DNA derived from T7A2.5-infected E. coli HMS174/pGP2.5-1 cells (lanes 8 and 9) are labeled as are those obtained from E. coli HMS174 infected with wild-type T7 phage (lanes 2 and 3) . However, no radioactively labeled T7 DNA fragments were detected in E. coli HMS174 cells infected with T7A2.5 phage (lanes 5 and 6). In addition, the shut-off of host DNA synthesis in T7A2.5-infected cells visualized in this experiment accounts for the decrease in DNA synthesis after infection. From these experiments, we conclude that gene 2.5 is essential for T7 DNA replication.
Although no DNA synthesis is observed in T7A2.5-infected cells, RNA synthesis is grossly normal (Fig. 4) 
DISCUSSION
We have used a genetic approach to examine the role of the gene 2.5 protein of bacteriophage T7. T7 lacking gene 2.5 does not grow in E. coli and is defective in DNA synthesis. Both defects are overcome by gene 2.5 protein produced from a plasmid containing the cloned gene 2.5. Earlier studies had suggested that E. coli SSB could substitute for the T7 gene 2.5 protein in vivo (8) . However, the gene 2.5 mutant used in those studies produced a shortened polypeptide that contained a significant portion of the intact gene 2.5 protein (9). Our results show clearly that E. coli SSB cannot substitute for gene 2.5 protein in vivo.
The multiple roles of SSBs in DNA metabolism have made it difficult to define precisely their essential nature in vivo. In E. coli, for example, SSB plays important roles in DNA replication as well as in DNA recombination and repair (1) (2) (3) 34) . Strains carrying mutations in the structural gene for SSB, ssb, are temperature sensitive for growth and DNA synthesis (35) and are defective in DNA repair and recombination (36) . T7 gene 2.5 protein and E. coli SSB have extensive sequence homology; 24% of the amino acids are identical and another 47% represent conserved changes (37) . In bacteriophage T4, the roles ofgene 32 protein have also been well characterized both in vitro and in vivo. Genetic studies have demonstrated that the product of gene 32 is essential for DNA replication, recombination, and repair (38) (39) (40) (41) (42) . It binds cooperatively to single-stranded DNA, affects denaturation and renaturation of DNA, and interacts specifically with T4 DNA polymerase and the recombination proteins uvsX and uvsY (43) (44) (45) (46) Why is gene 2.5 protein essential for T7 growth and replication? The essential nature of the protein does not arise solely from its ability to bind to single-stranded DNA since E. coli SSB, a protein that has an even higher affinity for single-stranded DNA, cannot substitute for gene 2.5 protein in vivo. Rather, we postulate that gene 2.5 protein is essential for two reasons: (i) its specific interaction with other phageencoded replication proteins, and (ii) its role in recombination. Biochemical studies on the purified gene 2.5 protein have demonstrated its physical interaction with both T7 DNA polymerase and T7 helicase/primase (11) and a stimulation of the activities of these proteins (4, 5, 10, 11, 14, 16) . Precisely why these specific interactions occur in 17, however, is not known since other SSBs can often provide similar degrees of stimulation. One exception is the rather specific stimulation of primer synthesis by the gene 2.5 protein (10, 16) . Presumably, the specific interaction of these proteins reflects a requirement for a highly ordered structure at the replication fork to coordinate leading-and lagging-strand DNA synthesis.
Gene 2.5 is required not only for DNA synthesis but also for T7 recombination (8, 9) . In this process, it undoubtedly must also interact with other recombination and replication proteins, such as T7 DNA polymerase and primase/helicase. However, biochemical studies support a more direct role of 17 gene 2.5 protein in recombination. Upon infection of E. coli with 17 phage, a single-stranded DNA renaturation activity is induced, suggesting that 17 gene 2.5 protein is involved in this activity (17) . It has, in fact, recently been shown that gene 2.5 protein facilitates the renaturation of single-stranded DNA much more efficiently that does E. coli SSB, recA, or T4 gene 32 protein (S. Tabor and C.C.R., unpublished results). Such an activity is likely to be important for catalysis of homologous pairing and may provide an explanation for the essential role of the protein in vivo in recombination (8, 9) .
By what mechanism would a defect in recombination lead to the severe defect in replication observed in cells infected with the gene 2.S 17 mutant? One possibility is that, in the absence of gene 2.5 protein and the catalysis of homologous pairing, recombination intermediates accumulate and are subsequently degraded. On the other hand, it is quite likely that recombination plays an essential role in T7 DNA replication. The genome of bacteriophage T7 is replicated through exclusively linear intermediates (concatemers) (48, 49) . Formation of concatemers provides an intermediate by which the 3' ends of the 17 chromosome can be replicated. Concatemers can then be processed to yield fully replicated duplex chromosomes (50, 51) . All evidence indicates that concatemers are formed in vivo by annealing single-stranded terminally redundant ends of replication intermediates (28) . We propose that the gene 2.5 protein is required for rapid and efficient homologous pairing of the exposed terminal redundancy in phage-infected cells. In the absence of concatemer formation, subsequent DNA synthesis may well be defective, terminating after replication of the parental DNA. This one round of DNA synthesis would represent only 1% or less of the total DNA synthesis usually observed in phage-infected cells. In this regard, concatemer formation in phage T7-infected cells requires recombination (52, 53) .
